A novel on-line method and system for characterisation of sludge flocs in view of improving sludge dewatering has been developed. The characterisation of sludge flocs was carried out after the conditioning or the flocculation process. The system uses a conventional CCD-line scan camera providing an on-line monitoring of the relative floc size distribution by image processing procedures. The image processing procedure has been re-evaluated and adapted to the practical dewatering results, obtained from a chamber filter press of 250 × 250 mm size. A good correlation between the calculated sensor signal and the sludge dewaterability of digested sludge in terms of the up-concentration factor was found. Although different sludge compositions and flocculation systems have been tested within the whole experimental period of six months, a good reproducibility of this correlation was also found. A well balanced floc size distribution is necessary showing that not too many but still some fine flocs and also not too large but compact flocs lead to improved dewaterability. This has been illustrated by an extended range of floc size measurements ranging between 50 µm and 29 mm. The conditioning monitoring system would be suitable for the control of production of good size-balanced flocs to compensate fluctuations in sludge characteristics of the sludge to be conditioned.
Introduction
Mechanical sludge dewatering by utilisation of flocculants, such as polymers to improve the dewaterability has become a more or less standard technology at sewage treatment plants. Nevertheless, interest in optimisation of sludge conditioning and dewatering has recently increased, because the dewatering process would become a key to significantly reduce the overall wastewater treatment costs due to the expected increase of thermal treatment of sludge. The dewaterability of sludge depends on a wide range of different varying factors such as concentration, composition (e.g. organic and inorganic compounds), floc size and structure, particle charge, etc. Therefore, control of the conditioning and dewatering process to achieve the best dewatering results is still difficult, although R&D on optimisation of sludge conditioning and dewatering has been on-going for a long time. An over-dosage of conditioning chemicals and/or less dewatering efficiency is presently common in practice.
Many different methods for characterisation of sludge have been developed, showing significant influences of measurement results on the dewaterability. Some of them are based on manual laboratory analysis, i.e. the capillary suction time (CST, see Vesilind, 1988) , the particle size distribution (Karr and Keinath, 1978; Kayser and Nellenschulte, 1991; Olboeter and Vogelpohl, 1993) , the mean particle diameter (Hemme et al., 1994) , and the zeta potential (Igarashi and Nishizawa, 1992) . Other methods provide a closed loop feedback control for sludge conditioning by the streaming current detection of filtrate (Dentel and Kingery, 1989; Dentel and Abu-Orf, 1993) , the mean particle diameter (Peters, 1992) and the rheological parameters, especially the torque of conditioned sludge (Campbell and Crescuolo 1982; Campbell and Crescuolo, 1989) . The conditioning control systems would lead to a higher level of dewatering efficiency as well as lower polymer addition compared to dewatering without automatic control (Crawford, 1990) . However, the control at the optimal point of operation for both maximum dewatering efficiency and minimum polymer addition is still lacking. Moreover, due to the various sludge characteristics, no single characteristic leads to the ultimate solution for predicting the dewaterability of sludge in practical applications. Therefore, R&D has recently been focussed on two approaches. On the one hand, a better particle characterisation of sludge has been introduced by incorporating fractal dimension analysis based on a visual description of sludge structure by microscopic photographs (Liu, 1995; Namer and Ganczarczyk, 1994; Nagel and Ay, 1999) . The concept includes the assumption that the density of floc aggregates declines as the size of aggregates increases and its development is still in an early stage. On the other hand, rheological characterisation seems to be an efficient way of monitoring the character of the sludge with respect to process shear rate (physical impacts) and flocculants (chemical impacts).
Commonly, the conditioning process comprises steps of floc growth and floc breakage, which may be influenced by re-flocculation of broken flocs with residual flocculant in the solution, leading to stable flocs. Consequently, the conditioning process is very complex, and it is difficult to use characteristics of primary sludge constituents to predict dewaterability of conditioned sludge. Therefore, sludge conditioning controlling methods and systems are mainly focussed on the product of the conditioning/flocculation process. The effects of many primary sludge characteristics such as pH, particle charge, particle size distribution, organic content, bound water content, filtrate viscosity, alkalinity, solids concentration, etc. including the influence through flocculants and shear forces of the flocculation process, would be summarised by sludge floc characterisation after conditioning.
It is well known that the optimisation of sludge conditioning processes aims at optimised floc pellets through "flocculation engineering", a term introduced by Yusa (1977) . A study performed by Langer (1994) expresses that a two or three stage process would substantially improve the dewaterability: a) total flocculation by high shear rate mixing, b) forming of flocs using low shear rates and c) pelleting of flocs by rolling motion. The study is based on both photographs of flocculated sludge and rheological parameters showing that optimised compact and stable floc aggregates would lead to optimal dewatering. The charge of the filtrate as well as the rheological characteristics are changing significantly during this three stage conditioning process. Moreover, the balance between the erosion and compaction of flocs during the floc forming process was neither measurable by the method of rheological characterisation (apparent viscosity) nor by filtrate charge detection nor by the specific filtration resistance as calculated from an adapted Darcy equation (Coackley and Jones, 1956) . This result of Langer is summarised in Figure 1 for a four phase progress of the flocculation process containing floc breakage (curve a) or floc pelleting/compacting (curve b). Subsequently, sludge conditioning control methods based on rheological characterisation seem not to be usable for control of shear forces for an optimised floc forming.
Based on these facts, an on-line real-time floc size characterisation after flocculation appears to be more suitable for automatic control. To investigate the performance of such an online sludge monitor, a new floc-size characterisation method and system has been developed. Similar to the applicable systems for rheological characterisation, this system also summarises all effects and factors of primary sludge constituents, flocculants and flocculation reactor. The general objective is to analyse and control the conditioning process for dewatering in e.g. belt filter presses to maintain an optimal dewaterability with minimum polymer dosage.
Methods
Characterisation of sludge structure Image processing. The system's main component is a sensor working optically by image processing via a conventional CCD line scan camera. The image processing technique for high-speed measurement of particle size distributions is well known and has been described earlier by Degushi (1986) . The flocculated sludge is scanned line by line. Figure  2 shows an example image of flocculated sludge and a grey scale line scan.
During image processing the digitised grey scale line scan is transformed into a binaryblack and white -image using methods of thresholding and different kinds of filtering as shown in Figure 3 . The particle or floc size distribution in terms of cumulative run length distribution has been calculated by interpretation of the spatial extrema distribution of the line scan (Kohlus and Bottlinger, 1995) . The method is fast enough for on-line monitoring and needs no preparation of the sample.
Sludge monitoring system. The sludge continuously passes through an optical monitoring system with a defined velocity between 0.2 to 0.5 m/s. The monitoring system contains a glass plate, a light source and a CCD line scan camera. The line image is scanned crosswise to the sludge flow direction and has a length of 2.9 cm and a fine scale detection limit of 50 µm. Line scan measurements occur every 10 milliseconds. One thousand line images are processed and summarised to calculate one mean run length distribution for on-line monitoring. It should be mentioned that the calculated run length distribution does not reflect an absolute particle size distribution, but more a relative size distribution which is suitable for monitoring variations in the floc size distribution.
Experimental
Sludge monitoring, conditioning and dewatering. The on-line flocculation sensor system has been installed and tested within a pilot scale conditioning and dewatering plant on site at a wastewater treatment plant. The monitoring system has been placed in a pipe after the flocculation system (in-line measurement). A sludge flow rate of about 150 to 250 litre per hour was realised to consider useful practical conditioning and dewatering aspects. Approximately 130 conditioning and dewatering experiments on stabilised sludge have been carried out within a period of six months. Conditioning has only been realised with the addition of Synthofloc 5080H, a cationic polymer with high molecular weight. The sludge characteristics as well as the operational parameters for flocculation are listed in Table 1 . For CST measurements, the CST filterability tester model 200 (product of Triton) was used in combination with CST filter paper of Ciba Spezialitaeten Chemie GmbH. For dewatering, a 250 × 250 mm chamber filter press (product of Haecker, Germany, Type 01) with a chamber volume of 12 litre and a maximum pressure of 8 bar was selected. The pressing time was about 90 minutes. The flow scheme of the pilot plant is shown in Figure 4 .
Results

Dewatering
Filterability and dewatering efficiency. In Figure 5 , the sludge filterability calculated from the capillary suction time by the method of Vesilind (1988) is plotted versus solid content image processing of stabilised (left hand), versus specific polymer addition (middle) and versus solids content of dewatered sludge (right hand). The filterability of the stabilised sludge was in the range of 0.5 to 1.5 × 10 -7 kg 2 s -2 m -4 and increased with higher solid concentration (left figure) due to the change of sludge characteristics due to settling of stabilised sludge in the storage tank. The very low value of filterability and its correspondingly high value of CST characterise this type of sludge to be difficult for dewatering. The filterability of conditioned sludge by polymer addition increased approximately 60 times. Additionally, a tendency of increasing filterability with increasing specific polymer addition was found (middle figure). However, high filterability was also reached in a few experiments at lower polymer addition. This could be explained by different floc structures produced so far by different shear forces in the conditioning process, because the flocculation process (floc forming) was optimised for the lower polymer addition. In spite of different polymer addition and different flocculation processes, the right figure of Figure 5 illustrates that there was a tendency toward improved filterability of conditioned sludge as the solid content of the dewatered sludge increased.
Sludge structure monitoring
Mean floc size by CCD flocculation analyser. To verify the utilisation of the mean floc size as a suitable characteristic for sludge conditioning control (Kayode and Gregory, 1988; Peters, 1992) , a correlation between the mean floc size as calculated from the floc size distribution and the dewatering results was sought. In Figure 6 the relative mean floc size (calculated as the mean run length x 50 at 50% of the cumulative run length distribution Q) is plotted versus the solids content of dewatered sludge. The Pearson regression coefficient R has been used to evaluate regression quality. However, the result of 0.66 for the determination coefficient R 2 is not good enough to predict the solids of dewatered sludge, especially at high solids content.
Evaluation of floc size distribution. Once a floc size distribution is available, the question is how to characterise it for dewatering. Most important for successful realisation is the possibility of measuring a wide particle size range between 50 µm and 2.9 cm. This allows a Figure 5 Filterability of sludge versus solids in stabilized sludge (left), versus polymer addition (middle) and versus solids content of dewatered sludge (right) more detailed evaluation. Several evaluations are possible, i.e. the calculation of the specific surface which correlates to the filterability (Vesilind, 1988) or the amount of fine particles below a limit of about 10 µm as described by Kayser and Nellenschulte (1991) . In this study, different characteristic coefficients have been calculated from the measured run length distribution and have been related to the dewatering results. The following characteristics have been found as most significant. 1. Integration of the run length distribution R L (x), characterised as the area of the summation and size of all flocs not belonging to the smallest 10% and largest 10%:
2. Calculation of the slope S 50 at 50% of the cumulative distribution Q. A small slope stands for a widespread and uniform floc size distribution:
S 50 = ∆Q/∆x , at Q = 0.5 3. The run length distribution R L (x) has been subdivided into three regions having a) small flocs, b) medium flocs and c) large flocs. Summation of the run length in each region has then been used for calculation of dimensionless ratio coefficients, i.e. B = n medium /n big , S = n medium /n small , with n big as a summation of run length in the region of large flocs, n small as a summation of run length in the region of small flocs and n medium as a summation of run length in the region of medium flocs.
Characterisation of dewatering versus the concentration factor. It was found that the concentration factor calculated as the ratio of the solids content of dewatered sludge in relation to the solids content of stabilised sludge correlates more significantly to the calculated characteristic coefficients. While each single characteristic has a determination coefficient R 2 less than 0.7, improvement of the determination coefficient to about 0.92 has been found for summation of the three characteristics A, S 50 and B after normalisation and scaling between zero and one accordingly as illustrated in Figure 7 . 
Conclusion
A novel sludge characterisation and monitoring system and method for conditioning control purposes has been described. To enable on-line prediction of dewatering efficiency during the conditioning process, a concentration factor has been introduced. A six month on site conditioning and dewatering experiment was conducted at a pilot scale on stabilised sludge. A sludge characteristic calculated from the measured relative floc size distribution was proven to be suitable for predicting the concentration factor. This is important for the development of optimised flocculation systems with respect to flocculation engineering aspects. However, verification of the sludge characteristic calculations is needed for sludge from different wastewater treatment plants. 
